An experimental diagnosis and kinetic modeling of the ionic chemistry in low pressure DC plasmas of H 2 /Ar has been carried out. The studies were performed at pressures of 2 Pa and 0.7 Pa, in a hollow-cathode discharge reactor, using as plasma precursor a 
Introduction
Ar/H 2 plasmas find widespread application in diverse fields of material science, where they are employed for deposition and sputtering [1] [2] [3] [4] [5] or as particle sources. [6] [7] [8] [9] In conjunction with optical emission spectroscopy and mass spectrometric techniques, they are also widely used for elemental analysis (see ref. [10] [11] [12] [13] [14] [15] [16] [17] [18] and references cited therein), where the addition of H 2 to Ar glow discharges has been found to enhance in many cases the sputtering yields and has led often to improvements in the sensitivity and detection limits.
Models of varying complexity 5, 7, [19] [20] [21] [22] [23] have been applied to these systems in an attempt to elucidate the fundamental mechanisms and the role of the reactive species involved in their chemistry. Some issues like the decrease in H 2 dissociation, the anomalous loss of ionization, the influence of metastable atoms, or the distinct role of electrons with different kinetic energy have deserved special attention. In spite of the progress achieved over the last decades, doubts and controversies still persist. As an example, the mentioned loss of ionization has been variously attributed to dissociative ion electron recombination 6, 22 or to the quenching by H 2 of the metastable Ar* atoms acting as ion precursors. 24 Although the same fundamental physicochemical processes are always involved, their relative weight in the overall chemistry may be very different and the peculiarities of each case should be carefully considered.
Most studies of Ar/H 2 plasmas have been focused on mixtures with small H 2
proportions that mimic conditions most commonly found in the discharges used for practical applications. In the present work, which addresses the plasma ion chemistry from a basic point of view, we use a complementary approach and investigate Ar/H 2 mixtures dominated by H 2 . We can thus take advantage of our previous study on H 2 DC glow discharges, 25 which is here extended by preparing a precursor H 2 /Ar mixture with a 15% of Ar. In this way, we can observe the modifications induced by Ar in our well characterized H 2 plasma. The experiments are carried out in a hollow cathode (DC) reactor. Hollow cathode discharges provide a useful means for the study of elementary processes in low pressure plasmas. In particular, they allow an easy control of the size and shape of the discharge and provide an enlarged negative glow region with a very small electric field and relatively homogeneous properties.
Electron temperatures and densities, as well as mass spectra of the ions present in the plasma, are recorded for different discharge conditions, and a simple chemical model is used to rationalize the measured data. The basic mechanisms leading to the observed ion distributions are identified and discussed. Special emphasis is laid on the role of high energy electrons and on the influence of sheath collisions on the ion fluxes reaching the cathode wall.
Experimental section
The experimental plasma reactor has been described in previous works. 25, 26 It consists of a grounded cylindrical stainless steel vessel (10 cm diameter, 34 cm length), and a central anode. The whole system can be pumped to a background pressure of 10 -6 mbar by a 450 l/s turbomolecular pump and a rotary pump. The vessel walls have different ports for connection of gas inlets, diagnostics tools, observation windows and pressure gauges. The pressure was controlled by balancing the gas flow with a needle valve at the entrance and a butterfly valve at the exit of the reactor. Mixtures of H 2 /Ar (15%) were used as discharge precursors. The pressures of study were 2 Pa and 0.7 Pa, as measured with a capacitance manometer. Typical residence times of the gases in the reaction chamber were ≈ 0.5 -1 s.
Plasma currents I p ∼ 150 mA and supply voltages V ∼ 500 and 350 V were used in the 2 Pa and 0.7 Pa discharges, respectively. In order to initiate the discharges, an electron gun built in our laboratory, consisting basically of a tungsten filament operating at 2 A and −2000 V DC , was employed.
A Plasma Process Monitor, Balzers PPM421, was used for the detection of both neutrals and ions from the plasma. It consists of an electron bombardment ionizer, an electrostatic focusing system, a cylindrical mirror ion energy analyser and a quadrupole mass filter, with a secondary electron multiplier in the counting mode. For the detection of ions, the electron bombardment ionizer is switched off and the ions are allowed to enter the detector directly from the plasma. The apparatus was installed in a differentially pumped chamber connected to the reactor through a 100 μm diaphragm. During operation, the pressure in the detection chamber was kept in the 10 -7 mbar range by means of a 150 l/s turbomolecular pump and a dry pump.
Ion fluxes were calculated by integrating the ion energy distributions recorded in the experiments for each individual mass value. For the pressures involved, these energy distributions consist mainly in a narrow and sharp peak for each ion, located close to the anode-cathode potential. 27, 28 The sensitivity of the plasma monitor to the masses of the different ions, which depends among other factors on the multiplier condition, was calibrated for singly charged ions over the range of interest. 25, 29 The sensitivity for the higher mass ions The electron mean temperature, T e , and total charge density, n e , in the cylindrical reactor were measured by means of a double Langmuir probe built in our laboratory 31 by assuming a collision free probe sheath and orbital limited motion. 32 To estimate total charge densities from the characteristic curves of the Langmuir probe, a mean ion mass was used in each case, weighted according to the ion density distributions deduced from the measurements of the Plasma Process Monitor. It is also tacitly assumed that negative ions are negligible in the plasmas studied and that electroneutrality is brought about by a balance between the density of electrons and that of positive ions.
Results and Discussion
A summary of the experimental results for the two discharges investigated is given in Table 1 . The electronic temperatures (2.5 and 3.5 eV) measured in the Ar/H 2 plasma are lower, roughly by a factor of two, than those obtained previously in the same reactor for a pure H 2 plasma at the same pressures. 25 The presence of the Ar atoms, even in moderate proportion, leads thus to a more efficient energy transfer of the initial kinetic energy of the electrons to the heavier species in the plasma.
The ion fluxes reaching the cathode are also included in Table 1 , and have been represented in Fig. 1 and 2 . In each case, the sum of all ion fluxes has been normalized to 1. For the rationalization of the experimental results, we have extended the simple zero order kinetic model previously applied to discharges of pure H 2 . 25 The model is based on the numerical integration of a system of coupled differential equations, which account for the time evolution of the plasma species, from the ignition point, to the attainment of the steady state. It uses as input parameters the experimental pressures and gas flows, and also the measured electronic temperatures and densities, T e and n e , which are assumed to be homogeneously distributed throughout the plasma volume V p . This volume is estimated to be cylindrical and coincident with that of the negative glow region, which is separated from the metallic walls of the chamber (cathode) by the plasma sheath, with an estimated width of 1.5-2 cm for the conditions of our reactor. 28 It is further assumed that the ion temperature in the glow (T ion ) is equal to the gas temperature (T gas =300 K). The concentration of the various plasma species is supposed to be controlled in principle by the set of homogeneous and heterogeneous reactions listed in the first column of Tables 2 and 3 
Heterogeneous Reactions
Wall Reaction Probabilities been kept in the model for completion, it turns out to be practically negligible, as discussed in ref. 25 . Under the present experimental conditions, with low pressures, and electron densities of the order of 10 10 cm -3 , the fate of virtually all ions generated in the glow is diffusion to the cathode sheath, followed by wall recombination. It should be also noted that the model does not include excited species or atoms and ions sputtered from the metallic walls of the reactor. Fig. 2b and 2c ) is 2.3%.
The virtual absence of Ar 2+ in the model predictions of Fig. 1a and 1b suggests that high energy electrons are not accounted for properly. In fact, electron impact ionization of Ar (reaction 15), with a threshold of ≈ 48 eV, 34 is the main source of Ar 2+ in this type of plasmas. 38 The other Ar 2+ source included in the model, namely, electron impact ionization of Ar + (reaction 16) has indeed a lower threshold and a larger cross section, 39 but its contribution to the global production of Ar 2+ is very small, given the low ionic concentrations in the plasma (the concentration of Ar + ions is typically more than five orders of magnitude lower than that of Ar atoms).
The amount of electrons with energies beyond the threshold of reaction 15 is almost negligible in the Maxwellian velocity distributions used in the calculations, which correspond to the measured electron temperatures (T e < 4 eV). Nevertheless, the presence of high energy electrons in DC glow discharges is well documented both in experiments 40 and in accurate self-consistent plasma models. 41 If this high energy component is small enough, it will not be discerned in the Langmuir probe measurements used for the determination of T e , which are relatively insensitive to the detailed shape of the electron energy distribution. We will now introduce an empirical correction to the model, in order to consider approximately the effects of these high energy electrons. We will assume that the free electrons in the plasma are (Fig. 1b and 2b) shows that the introduction of high energy electrons is not only necessary for the explanation of the appearance of Ar
2+
, but also for a proper description of the distribution of the predominant H x + ions. In particular, the presence of high energy electrons increases the value of the effective rate coefficient for reaction 7 and leads to a marked growth in the relative concentration of H 2 + , bringing the results of the calculations in much better agreement with experiment.
As mentioned above, at 0.7 Pa, H 2 + is the major plasma ion, its concentration slightly exceeding that of H 3 + . At 2 Pa, with a smaller proportion of high energy electrons and a larger collision frequency, H 3 + is prevalent. An analogous change in the H x + distribution was observed in a previous work on pure H 2 plasmas, 25 carried out in the same reactor, and the experimental results could be reproduced with the same kinetic model without invoking the presence of a distinct group of high energy electrons. However, in the pure hydrogen plasmas, the measured electron temperatures were a factor of two higher for the same pressures, and the corresponding electron impact rate coefficients for "Maxwellian" electrons at T e (the equivalent to the second column of table 2) were significantly larger than in the present case.
Under these circumstances, the likely contribution of a small fraction of high energy electrons to the effective electron impact rate coefficients should be appreciably smaller.
In spite of the improvement described in the previous paragraph, the introduction of high energy electrons in the model cannot account for the ratio of the observed fluxes of Ar As can be seen, at low energies the proton exchange reaction prevails, 43 , but these processes lead to a modification of the ion energy distribution 28 rather than to a neat ion loss. Given the high accelerating voltage in the sheath, the low thermal velocity spread in the glow, and the small angle of admittance of the 100 μm orifice at the entrance of the mass spectrometer, we can assume that most of the detected ions will cover the distance between the plasma edge and the sampling orifice in a straight line trajectory, roughly perpendicular to the cathode wall, i.e. they will follow the shortest way, which corresponds to the sheath width. The present results indicate that in addition to the just mentioned energy loss, Ar + ions can be also neutralized in the sheath to a significant extent through asymmetric charge exchange with H 2 molecules. The light H 2 + ions emerging from this process contribute much less to sputtering.
Summary and Conclusions
Cold plasmas formed in hollow cathode DC discharges of H 2 /Ar (15%) have been experimentally investigated and modeled. The distributions of ion fluxes to the cathode and the electronic densities and temperatures in the negative glow of the plasma were determined using a mass spectrometer and a double Langmuir probe, respectively. The measurements were carried out at 2 Pa and 0. to the cathode, which can be relevant for sputtering applications, can be satisfactorily modeled with a simple Lambert-Beer dependence using charge transfer cross sections from the literature.
